In electron storage rings a common solution for meeting the pump requirements in the long and hence conductance limited vacuum chambers, has been to install linear ion pumps in the field of the bending magnets1. These pumps form an integral part of the vacuum chamber and extend over that part of the machine circumference which is subjected to the desorbing action of the synchrotron light. For the vacuum system of LEP, integrated ion pumps have also been proposed2. However, a particular problem is that these pumps must operate at exceptionally low magnetic field levels-at injection typically 0.02 Tesla.
Introduction
In electron storage rings a common solution for meeting the pump requirements in the long and hence conductance limited vacuum chambers, has been to install linear ion pumps in the field of the bending magnets1. These pumps form an integral part of the vacuum chamber and extend over that part of the machine circumference which is subjected to the desorbing action of the synchrotron light. For the vacuum system of LEP, integrated ion pumps have also been proposed2. However, a particular problem is that these pumps must operate at exceptionally low magnetic field levels-at injection typically 0.02 Tesla.
We have investigated firstly the dependence of the minimum field at which a pump cell of given size remains ignited as a function of the pressure and the anode voltage, taking as a measure of the pump performance the discharge intensity I/P i.e. the ratio of pump current and pressure. Secondly, using a calibrated test dome, the pumping speeds of various pump models were measured as function of the pressure, of the anode voltage and of the applied magnetic field. The ignition characteristics of pump cells with diameters ranging from 34 mm to 60 mm were studied. The integrated pumps have been designed for optimum conductance from the beam pipe to the active pumping volume. For this reason, we have constructed anode cylinders with perforated walls or anode structures consisting of 3 or 5 metal strips stacked in sandwich fashion with matching holes defining the anode cylinder.
2.
Pump models
Because the total length of linear pumps in LEP amounts to about 20 km, a complex mechanical pump structure has to be avoided and we attach great importance to a design which is easy to produce in large quantities and reliable in operation. These considerations have determined the choice of diode pumps. A diode pump is also preferred because of its compact construction and because it uses more efficiently the limited space in the gap of the bending magnets.
The test pumps were designed to fit into an existing magnet 0.4 m long, with an aperture of 0.26 by 0.2 m. The pump cathodes were made of pure titanium plates and spaced by 7 cm. The height of the anode, made of stainless steel, has been 4 or 5 cm depending on the pump model. Since the magnet aperture was sufficiently wide, three rows of anode cells were combined into one anode structure of 27 to 30 cells in total. A variety of different cell sizes from 34 mm diameter up to 60 mm as well as various anode structures have been tested. As shown in Fig. 1 
Test apparatus
The pump elements were measured using a pumping speed test dome3 fitted with a diaphragm of known conductance C. The pressure difference yields the pumping speed S through the relation S = C Ap/p. The test pump assembly is mounted in a separate vacuum chamber attached to the measuring dome and mounted in the dipole magnet. The magnet can be powered to any field value up to 0.22 T; it can be ramped to simulate the acceleration cycle in LEP. During the preparation of the system, which consists essentially of a bakeout at 300°C for 24 hours, the vacuum system is pumped successively by a mechanical pump group, a turbomolecular pump and a 60 I/s sputter-ion pump. These pumps are valved off during pumping speed measurements. After a bakeout, the total pressure with the 60 i/s sputter ion pump is typically in the low 10-10 torr range. The test pump is powered from a DC regulated high voltage supply adjustable between zero and 10 kV. Pump currents can be measured from about 10-9 A to 10 mA, the lower limit being determined by the leakage current of the insulators. After replacing the initially used ceramic feedthrough insulator by glass the leakage currents could be reduced to well below 10-8 A at 6 kV.
4.
Discharge characteristic at low magnetic field Several authors have studied the Penning discharge at low pressure and have proposed design concepts for diode ion pumps operating in high magnetic fields4,5. We have based our study on the work of W. Schuurman687.
Assuming long Penning cells and a crossed field mobility of the electrons, proportional to vt/B2, where vt is the total collision frequency and B the applied magnetic field, he derives expressions for the discharge intensity I/P, for the ignition field, Bi, and for the transition field B to the high magnetic field mode where the discharge intensity reaches a maximum. At injection the 3997 qUle-wYi4iY/iUQA3A)-YYI)J-U. W-\SJ ly I Iflfl----integrated pumps in LEP will operate close to nition field in the low magnetic field mode. man's result for the discharge intensity in a radius r and length Z can be put in the form I/P = Z [a i )B2r2 -by] the igSchuurcell of (1) where a and b are constants, vi/vt is the ratio of ionisation frequency and of the total collision frequency and v is the electron velocity corresponding to the ionisation potential of the gas molecules. The discharge ignites for 8 m Vc Approximately4, B.r ---V.
rBi 10-4l 3 e vi rBi = 3 10-4 Tm. However, we observe significant variations of this product with different anode structures, with pressure, see Fig. 2 , and with anode voltage, Fig-3- The pressure dependence of Bir in Fig. 2 can be fitted by the relation Bir = 2 10-4 -3.5 10-5 log10 p.
Furthermore, our results obtained with the sandwich type anode of 40 to 60 mm diameter support at constant p a scaling rnBi = const., with n = 0.53. A particularly low starting field can be observed with the sandwich type pumps, 3P and 5P. Here the electron orbits appear not to be limited to the anode diameter resulting in an effective cell radius which is larger than for a cylinder anode. Some of our observations would indeed suggest that at very low fields the discharge does not remain confined to individual cells but rather fills uniformly the whole anode volume. The optimum anode voltage to ignite the discharge at low field has been found to be between 2 and 3 kV.
At transition to the high magnetic field mode the discharge intensity reaches a maximum . The transition field depends on the anode voltage U and is related to the ignition field through B2t = 2(U/v)Bi/r. Hence lowering the ignition field by increasing r, also lowers Bt and the maximum discharge intensity. Within limits this loss can be compensated by increasing U. Fig. 4 .
All curves exhibit an approximately linear rise of S at low magnetic field followed by a maximum at the transition to the high magnetic field mode8. The highest pumping speed has been observed with the pump model 5P. We attribute the low speed of the model 3P to the fact that the anode is not sufficiently closed to confine the discharge.
The existence of an optimum anode voltage for a given magnetic field is illustrated in Fig. 5 anode configuration with several layers of perforated metal sheets. The pumping speed is found to be larger than for anodes with conventional cylinders. Moreover, since the electrons can move more freely inside the anode the discharge ignites at a lower magnetic field. Scaling from our measurements on model pumps, we expect to obtain with a single row of anode cells, designed to ignite at a field below 0.02 T, a linear pumping speed of about 60 Q/sm at a transition field of about 0.1 T.
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